We analyze the effect of the tensor force and other components of the nucleon-nucleon interaction on the nuclear symmetry energy and its density dependence by using the Hellmann-Feynman theorem. The analysis is performed within the microscopic Brueckner-Hartree-Fock approach using the Argonne V18 potential plus a Urbana IX three-nucleon force. Our results show that the potential part of the nuclear Hamiltonian, and in particular its tensor component, gives the largest contribution to the symmetry energy. The decomposition of the symmetry energy into a kinetic part and a potential energy part provides physical insight on the correlated nature of the system, indicating that pure neutron matter is less correlated than symmetric nuclear matter.
Introduction
The density dependence of the nuclear symmetry energy, E sym (ρ), is a crucial ingredient of the nuclear equation of state (EoS) needed to understand many important properties of isospin-rich nuclear systems such as exotic nuclei, supernovae and neutron stars [1] [2] [3] [4] . Experimental information on E sym (ρ) below, close to, and above nuclear saturation density, ρ 0 , can be obtained from a number of nuclear structure and heavy ion collision observables such as giant and pigmy resonances in heavy nuclei, n/p and t/ 3 He ratios in nuclear reactions, isospin diffusion and isospin scaling in nuclear multi-fragmentation, neutron-proton correlation functions at low relative momenta, isospin diffusion/transport in heavy-ion collisions, neutron-proton differential flow, isobaric analog states, or π − /π + and K − /K + ratios in heavy ion collisions. Accurate measurements of the neutron skin thickness δR in heavy nuclei, via parity violating experiments or by means of antiprotonic atom data, can also help to constrain E sym (ρ), since its derivative is strongly correlated with δR. Additional information on E sym (ρ) can be extracted from the astrophysical observation of compact objects, which opens a window into both the bulk and the microscopic properties of nuclear matter at extreme isospin asymmetries.
In particular, the characterization of the core-crust transition in neutron stars or the analysis of power-law correlations, such as the relation between the radius of a neutron star and the equation of state, can put stringent constraints on E sym (ρ).
Theoretically, E sym (ρ) has been determined using both phenomenological and microscopic many-body approaches. Phenomenological approaches, either relativistic or non-relativistic, are based on effective interactions that are frequently built to reproduce the properties of nuclei. Since many of such interactions are built to describe systems close to the symmetric case, predictions at high asymmetries should be, however, taken with care. Microscopic approaches start from realistic nucleon-nucleon (NN) interactions that reproduce the scattering and bound state properties of the free two-nucleon system and naturally include the isospin dependence. In-medium correlations are then built using many-body techniques that microscopically account for isospin asymmetry effects such as the difference in the Pauli blocking factors and self-energies of neutrons and protons in asymmetric matter.
Nevertheless, in spite of the experimental and theoretical efforts (see [1] and references therein) carried out in the last years and the significant recent progress in studying the properties of isospin-asymmetric nuclear systems, E sym (ρ) is still uncertain. Its value at saturation, S 0 , is more or less well-established (∼30 MeV), and its behavior below saturation is now much better known [5] . However, for densities above saturation, E sym (ρ) is not yet well constrained, and the predictions from different models strongly diverge. Why E sym (ρ) is so uncertain is still an open question whose answer is related to our limited knowledge of the nuclear force, and in particular to its spin and isospin dependence.
In this work we analyze the effect of the tensor force and other components of the NN interaction on E sym (ρ), and discuss how the isospin dependence of the NN correlations affects it. This analysis is carried out with the help of the Hellmann-Feynman theorem [6, 7] within the framework of the microscopic Brueckner-Hartree-Fock (BHF) approach [8, 9] . This theorem allows the decomposition of the total energy per particle of both pure neutron matter (PNM) and symmetric nuclear matter (SNM), and therefore of the nuclear symmetry energy, in the kinetic and potential energy contributions. We explore the different effects of NN correlations on SNM and PNM and discuss how the isospin dependence of these correlations affects the density dependence of the nuclear symmetry energy. To such end we compare the kinetic and potential energy contributions with those of the free Fermi gas and the so-called correlation energy. We note that a similar analysis was already performed in [10, 11] . Consequently, the present work can be considered a short review of these previous publications with a focus in some different aspects that provide new physical insights into the problem. We would like to point out that a more exhaustive and complete study requires the use of other nuclear Hamiltonians and many-body techniques. Particularly promising would be the use of chiral effective field theory interactions and Renormalization Group methods (see, e.g., [12] [13] [14] [15] for recent developments). However, this is out of the scope of the present work. Such more exhaustive and complete study will eventually be considered in the future.
This paper is organized in the following way. In Section 2 we briefly review the BHF approach of asymmetric nuclear matter. Our results are presented in Section 3. Finally, a summary and our main conclusions are given in Section 4.
The BHF Approach of Asymmetric Nuclear Matter
Assuming charge symmetry for nuclear forces, the energy per particle of asymmetric nuclear matter can be well approximated as
where β = (ρ n − ρ p )/(ρ n + ρ p ) is the isospin asymmetry parameter, E SN M (ρ) is the energy per particle of SNM and
i.e., the difference of the energy per particle of PNM and SNM is a good approximation to the nuclear symmetry energy. It is common to characterize the density dependence of the energy per particle of SNM around the saturation density ρ 0 in terms of a few bulk parameters by expanding it in a Taylor series around ρ 0 ,
The coefficients denote, respectively, the energy per particle, the incompressibility coefficient and the third derivative of the energy of SNM at saturation,
Similarly, the behavior of the symmetry energy around saturation can also be characterized in terms of a few bulk parameters,
where S 0 is the value of the symmetry energy at saturation, and the quantities L, K sym and Q sym are related to its slope, curvature and third derivative, respectively at such density,
The BHF approach is the lowest order of the Brueckner-Bethe-Goldstone many-body theory [8, 9] . In this theory, the ground-state energy of nuclear matter is evaluated in terms of the so-called hole-line expansion, where the perturbative diagrams are grouped according to the number of independent hole lines. The expansion is derived by means of the in-medium two-body scattering G matrix, which describes the effective interaction between two nucleons in the presence of a surrounding medium. It is obtained by solving the well-known Bethe-Goldstone equation, schematically written as
where τ = n, p indicates the isospin projection of the two nucleons in the initial, intermediate and final states, V denotes the bare NN interaction, Q τ i τ j denotes the Pauli operator that allows only intermediate states compatible with the Pauli principle, and ω, the so-called starting energy, corresponds to the sum of non-relativistic energies of the interacting nucleons. The single-particle energy τ of a nucleon with momentum k is given by
where the single-particle potential U τ ( k) represents the mean field "felt" by a nucleon due to its interaction with the other nucleons of the medium. In the BHF approximation U τ ( k) is calculated through the "on-shell energy" G-matrix and is given by
where the sum runs over all neutron and proton occupied states and where the matrix elements are properly antisymmetrized. Once a self-consistent solution of Equations (7)- (9) is achieved, the energy per particle can be calculated as
where the first term of the r.h.s. is simply the contribution of the free Fermi gas (FFG), and the second is the so-called correlation energy, E corr . We note that E BHF represents only the sum of two-hole-line diagrams and includes only the effect of two-body correlations through the G matrix. It has been shown by Song et al. [16, 17] that the contribution to the energy from three-hole-line diagrams (which accounts for the effect of three-body correlations) is minimized when the so-called continuous prescription [18] is adopted for the in-medium potential, which is a strong indication of the convergence of the hole-line expansion. We adopt this prescription in our BHF calculations with the Argonne V18 (Av18) NN potential [19] supplemented by the Urbana IX three-nucleon force (3NF) [20, 21] which, for use in BHF calculations, was reduced to a two-body density-dependent force by averaging over the coordinates of the third nucleon in the medium [22] [23] [24] . The interested reader is referred to [25] for more details of our BHF calculation and to [26] [27] [28] for an extensive analysis of the use and effects of 3NFs in PNM and SNM.
Results
The discussion of our results starts by showing in Table 1 the bulk parameters characterizing the density dependence of the energy of SNM and the symmetry energy around saturation density.
Results are shown for calculations with and without 3NF. Note that, in general, the effect of the 3NF seems to be more important on the isoscalar properties than on the isovector ones. In fact, by looking at the table it seems that the parameters L, K sym and Q sym describing the density dependence of the symmetry energy around saturation are little affected by the effect of 3NF. However, we should notice that the value of the saturation density is different when 3NFs are considered (ρ 0 = 0.187 fm As expected in the low density regime the role of 3NFs is basically negligible. Overall, for densities in 0.1-0.3 fm −3 , there is a moderate dependence of E sym (ρ) and L(ρ) on the 3NF, even though its effect on PNM and SNM is not small. This dependence becomes stronger and stronger when increasing the density. The importance of 3NFs has been recently revised in the context of chiral effective field theory [29] [30] [31] [32] [33] [34] . New fitting protocols of two-nucleon forces seem to indicate that the effect of 3NF could actually be rather small in PNM. Nevertheless, the relative importance of the two-and three-body contributions changes with the resolution scale. It is not clear whether such observations, valid for somewhat soft chiral interactions, still apply when considering a harder interaction like Av18. Table 1 . Bulk parameters characterizing the density dependence of the energy per particle of SNM and the symmetry energy around the saturation density for our BHF calculation with and without 3NF. All quantities are in MeV, except ρ 0 , given in fm −3 . In Figure 2 we show the free Fermi gas and correlation energy contributions to the energy per particle of both PNM (panel a) and SNM (panel b) as well as to the symmetry energy (panel c) and its slope parameter (panel d) as a function of the density obtained in our BHF calculation with Av18 + 3NF.
The particular values of these contributions at the saturation density of our calculation ρ 0 = 0.187 fm are denoted by circles and are reported in Table 2 . The symmetry energy is calculated, as mentioned before, as the difference of the total energy per particle of PNM and SNM. As it is seen in the figure (see also Figure 4 ) the FFG energy of PNM is always larger than the corresponding one of SNM and, therefore, its contribution to the symmetry energy is positive throughout the explored density range and, in particular, amounts to ∼14.38 MeV at ρ 0 . The correlation energy, E corr , contributes also positively (∼19.92 MeV at ρ 0 ) to the symmetry energy for all the densities, since it gives smaller attraction in PNM than in SNM. This contribution is larger than that of the FFG. The addition of both contributions, which are of the same order at ρ 0 , provides a symmetry energy of ∼34.3 MeV at this density. The contributions to L can be decomposed similarly. In this case the contribution of the correlation energy is much larger than that of the FFG, except at very low densities where both contributions are similar. Table 2 . Free Fermi gas and correlation energy contributions to the total energy per particle of PNM and SNM at the saturation density ρ 0 = 0.187 fm −3 of our BHF calculation with Av18 + 3NF. The corresponding contributions to the symmetry energy E sym and its slope parameter L are also shown. All results are given in MeV. To get a further physical insight on the role of the correlation energy, it is useful to look at its spin-isospin (S, T ) decomposition, shown in Table 3 . As expected, the main contribution is that of the (1, 0) channel, which is acting only in SNM and has a large attractive contribution. It is precisely in this channel where the tensor component of the nuclear force is active. Notice that the T = 1 channels give similar contributions in PNM and SNM and, therefore, the contribution to the symmetry energy is small. The channel (0, 0) gives a repulsive contribution to the total energy in SNM and since it does not play any role in PNM, its contribution to the total symmetry energy is negative. Note again that the tensor force is not acting in this channel. Table 3 . Spin-isospin (S, T ) channel decomposition to the correlation energy of PNM and SNM at the saturation density ρ 0 = 0.187 fm −3 of our BHF calculation with Av18 + 3NF.
The decomposition of correlation energy contribution to the symmetry energy and its slope parameter is also shown. All results are given in MeV. Let us further continue this analysis by looking at the contributions of the different partial waves to E corr . Contributions up to J = 8 have been considered. These contributions are shown in Table 4 . Notice that the 1 S 0 contribution, which is dominated by the central component of the NN potential, has a similar large contribution to both PNM and SNM and, therefore, its effect on the symmetry energy is almost negligible. The largest contribution is provided by the 3 S 1 -3 D 1 channel, which corresponds to T = 0, active only in SNM. For larger values of the total angular momentum J, the contributions become smaller and many cancellations take place. In general, one observes that the final energy in SNM is the result of a large cancellation between E F F G and E corr , and that the absolute value of E corr for PNM is significantly smaller than for SNM. These observations point to the well-accepted fact that neutron matter is less correlated than symmetric matter. By using different phase shift equivalent NN potentials, it has been shown that the total binding energy of the deuteron is the result of a strong cancellation between the kinetic and the potential energy [35, 36] . However, this observation should be taken with care when using softer modern low-momentum or chiral NN interactions, since in this case this cancellation may be not so strong. The large kinetic energy, in the deuteron case, is a consequence of the NN correlations existing in the 3 S 1 -3 D 1 channel. In that sense we would like to study the decomposition of the total energy of the infinite system in the kinetic and potential energy. Due to NN correlations, the kinetic energy will be larger than the FFG energy. Therefore, the difference between the kinetic energy of a correlated nuclear system and that of a FFG can be used to quantify the effect of NN correlations. Unfortunately, the BHF approach does not give direct access to the separate contributions of the kinetic and potentials energies because it does not provide the correlated many-body wave function, |Ψ . However, it has been shown [37] [38] [39] [40] that the Hellmann-Feynman theorem [6, 7] can be used to estimate the ground-state expectation values of both contributions from the derivative of the total energy with respect to a properly introduced parameter. Writing the nuclear matter Hamiltonian as H = T + V , and defining a λ-dependent Hamiltonian H(λ) = T + λV , the expectation value of the potential energy is given as
Then, the kinetic energy contribution T can be simply obtained by subtracting V from the total energy E.
In Figure 3 we show the kinetic and potential energy contributions to the energy per particle of both PNM (panel a) and SNM (panel b) as well as to the symmetry energy (panel c) and its slope parameter (panel d) as a function of the density obtained by applying the Hellmann-Feynman theorem, as explained above, to our BHF calculation with Av18 + 3NF. The values of all these contributions at saturation density are denoted by circles and reported in Table 5 . Table 5 . Kinetic, T , and potential, V , energy contributions to the total energy per particle of PNM and SNM at the saturation density ρ 0 = 0.187 fm −3 of our BHF calculation with Av18 + 3NF. The corresponding contributions to the symmetry energy E sym and its slope parameter L are also shown. All results are given in MeV. As in the case of the deuteron, both the total energy of PNM and that of SNM are the result of a strong cancellation between the kinetic and potential energies. It is worth noticing that the kinetic energy contribution to E sym is very small in the whole density range, being slightly negative for ρ ≤ 0.2 fm −3 . This is in contrast to the results for the FFG (see Figure 2 and Table 2 ). The increase of the kinetic energy with respect to the FFG energy is probably due to the strong isospin dependence of the short-range NN correlations (SRC) induced by the tensor force. This observation has been also recently pointed out by Xu and Li [41] and Hen et al.
[42] using a phenomenological model for the nucleon momentum distribution n(k), and by Carbone et al. [43] using the self-consistent Green's function approach with the Av18 and the CDBONN [44] potentials. To illustrate this point, we show in Figure 4 the kinetic energy of uncorrelated (i.e., FFG energy) and correlated PNM and SNM as a function of density.
Results at saturation density are also shown in this case by the circles. It can be seen that the increase of the kinetic energy of SNM due to SRC is always much larger than that of PNM. This is an indication that, at the same fixed density, SNM is always more correlated than PNM. Note also that the kinetic energy of both correlated systems is of similar order and that their strong cancellation gives the almost negligible contribution to the kinetic part of E sym noticed before. It is also worth mentioning that the kinetic contribution to L is smaller than the corresponding one of the FFG in the full density range. Clearly, the major contribution to both the symmetry energy and its slope parameter is due to the potential energy part. Note that at saturation density (see Table 5 ) this contribution is practically equal to the total value of the symmetry energy at saturation, and it represents ∼78% of L. The spin-isospin (S, T ) channel decomposition of the potential energy of PNM and SNM at saturation, as well as of its contribution to E sym and L, is also illustrative. This is reported in Table 6 . As in the case of the correlation energy, the largest contribution to the potential part of both E sym and L is provided by the (S = 1, T = 0) channel, for which the tensor is active. Interestingly, the S = 0 channels have a smaller and similar negative contribution to E sym and also a moderate negative contribution to L. However, the origin of these contributions is qualitatively different. While the channel (S = 0, T = 0) does not contribute to PNM and gives a small repulsive contribution to SNM, the contribution of the channel (S = 0, T = 1) to E sym is the result of a strong cancellation of large attractive contributions of this channel in both PNM and SNM. Analogous conclusions can be obtained from Table 7 , where the partial wave decomposition of the potential energy is reported. Note that similar arguments have been already pointed out by other authors [41] [42] [43] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Table 6 . Spin-isospin (S, T ) channel decomposition to the potential energy of PNM and SNM at the saturation density ρ 0 = 0.187 fm −3 of our BHF calculation with Av18 + 3NF.
The decomposition of potential energy contribution to the symmetry energy and its slope parameter is also shown. All results are given in MeV. Finally, we analyze the role played by the different terms of the nuclear force, particularly the one of the tensor force, in the determination of E sym and L. To such end, we apply the Hellmann-Feynman theorem to the separate components of the Av18 and the Urbana IX 3NF. The Av18 potential has 18 components of the form
being S ij the usual tensor operator; L the relative orbital angular momentum; S the total spin of the nucleon pair; and T ij = 3τ zi τ zj − τ i · τ j the isotensor operator. Note that the last four operators break the charge independence of the nuclear interaction. As we said above, the Urbana IX three-body force is reduced to an effective density-dependent two-body force when used in the BHF approach. For simplicity, in the following we refer to it as the reduced Urbana force. This force is made of three components of the type u p (r ij , ρ)O p ij where
introducing additional central, στ and tensor terms (see, e.g., [24] for details). The separate contributions of the various components of the Av18 potential and the reduced Urbana force to the energy per particle of PNM and SNM, and to the symmetry energy and its slope parameter at the saturation density, are given in Table 8 . The contribution from the tensor component to E sym and L (contributions V S ij and V S ij ( τ i · τ j ) from the Av18 potential, and U S ij ( τ i · τ j ) from the reduced Urbana force) is 36.056 MeV and 69.968 MeV, respectively. These results clearly confirm that the tensor force gives the largest contribution to both E sym and L. The contributions from the other components either are negligible, as for instance the contribution from the charge symmetry breaking terms ( V T ij , V ( σ i · σ j )T ij , V S ij T ij and V (τ zi +τz j ) ), or almost cancel out. Table 7 . Partial wave decomposition of the potential energy of PNM and SNM at the saturation density ρ 0 = 0.187 fm −3 of our BHF calculation with Av18 + 3NF.
The decomposition of potential energy contribution to the symmetry energy and its slope parameter is also shown. All results are given in MeV. Table 8 . Contributions of the various components of the Av18 potential (denoted as V i ) and the reduced Urbana force (denoted as U i ) to the energy per particle of PNM and SNM and to the symmetry energy and its slope parameter at the saturation density ρ 0 = 0.187 fm −3 .
Units are given in MeV. 
Summary and Conclusions
In this work we have analyzed the effect of the tensor force and other components of the nucleon-nucleon (NN) interaction on the nuclear symmetry energy and its slope parameter for a wide range of densities. We have also discussed the role of the isospin dependence of the NN correlations on both quantities. This analysis has been carried out with the help of the Hellmann-Feynman theorem within the framework of the microscopic Brueckner-Hartree-Fock (BHF) approach using the Av18 potential plus an effective density-dependent two-body force deduced from the Urbana IX three-body force. The theorem allowed the decomposition of the total energy per particle of PNM and SNM into their kinetic and potential energy contributions. Our results showed that the potential part of the nuclear Hamiltonian gives the main contribution to both E sym and L. The kinetic contribution to E sym is very small throughout the explored density range, being even slightly negative for ρ ≤ 0.2 fm −3 . We have explored the different effects of NN correlations on SNM and PNM and discussed how the isospin dependence of these correlations affects the density dependence of the nuclear symmetry energy. To such end, we have compared the kinetic and potential energy contributions to the energy per particle of PNM and SNM and to E sym (ρ) and L(ρ) with those of the free Fermi gas and the correlation energy. We found that PNM is less correlated than SNM, in agreement with recent results [41] [42] [43] . Finally, we have performed a partial wave and a spin-isospin channel decomposition of the potential part of E sym and L, showing that the major contribution to them is given by the spin-triplet (S = 1) and isospin-singlet (T = 0) channel. As we have explicitly shown, this is due to the dominant effect of the tensor force, which gives the largest contribution to both E sym and L. In conclusion, our results confirm the critical role of the tensor force in the determination of the symmetry energy and its density dependence. We would like to finish by noticing that at present there are no experimental or theoretical constraints to control the role of the tensor forces beyond the saturation density, although there are indications, based on large N c QCD arguments (see, e.g., [58] [59] [60] ), that tensor forces could undergo non-trivial modifications at densities not too far above saturation density, due to either the topology changes in the nucleon structure or the emergence of strongly interacting quark degrees of freedom. Consequently, the reader should take our results above saturation density with care.
